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ABSTRACT 
The research presented here involves an attempt to model the viscoplastic response of 3D 
printed carbon fiber composites made using the Mark Two 3D printer by Markforged. 
The ability to manufacture composites through the use of 3D printers is relatively new 
and contains gaps in the various mechanical properties of the material, of interest is the 
viscoplastic response.  
Due to the fabrication method, the properties of the composites cannot be assumed to be 
similar to that of conventionally made composites as the fused deposition in printing 
alters the material properties. In order to understand the effects of the printed fiber 
orientation on the viscoplastic response, four different configurations were to be tested: 
0q, 45q, 90q, and a mixed 0q/45q/90q laminate. The model that is investigated in this 
paper was developed at NASA by C.T. Sun and Thomas Gates. In order to utilize this 
model, and determine the material properties of the composite, data had to be gathered 
from a series of tensile and stress relaxation tests. A third type of test, creep, was also 
performed in order to validate the model predication of creep at different temperatures 
and loads. 
The viscoplasticity model presented in this paper was able to get rough estimations of the 
creep response for the 3D printed carbon fiber with Onyx thermoplastic composite. The 
model seems to be more accurate at the lower temperatures for both stiff and less stiff 
composites. The model also seemed to be more accurate at all temperatures with the 
stiffer specimens, which would exhibit a weaker creep response. 
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1. Introduction 
Manufacturing of fiber reinforced plastic (FRPs) composite materials is typically 
carried out using classical techniques such as autoclave processing, resin transform 
molding (RTM), and filament winding (Jones, 1999). Most of these techniques are 
limited by the composite structure shape complexity and special tooling. Additive 
manufacturing (AM) eliminates most of the design constraints posed by the classical 
manufacturing methods. Among the different AM techniques, 3D printing is a recent 
technological development that allows the creation of parts via the deposition and fusing 
of material to create one whole part. This methodology allows for decreased material loss 
while also improving design flexibility and allows for rapid prototyping. This, however, 
comes at the expense of higher costs, more post-processing, and a change in the overall 
material properties (AGMA, 2014).  
In recent years, there has been major improvements into 3D printing capabilities, 
especially regarding 3D printers capable of printing polymer composites. With all these 
relatively rapid advancements, certain material performances of the composites are not 
fully explored due to the surge of printers capable of printing these materials. According 
to Hernandez (2015), many researchers have attempted to quantify the effects of various 
user-controllable factors on print quality and he has summarized a variety of their 
research in his journal article on “Dimensional Precision 3D Printing” (pp. 37-38). 
During the fabrication of the printed object, the process of heating and binding the 
materials can affect the material property to the point where it will be different than 
traditionally manufactured parts. This can be due to the heating cycle to allow the 
filament to be formed, the printing pattern/style, or the need for a different form for the 
base material. Depending on the printer quality, some of these properties can be seen 
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unaided, such as with being able to make out individual layers while other depend on the 
extrusion temperature. Another important variable that was found is that the material 
properties can change across manufacturers as well as different material lots (Bouthillier, 
2016). When it comes to composite additive manufacturing the properties will also be 
affected by the printer since the printing method used limits the fiber volume fraction 
compared to traditional methods and results in larger amount of matrix between segments 
of fiber. It does, however, have the benefit of allowing more control over the fiber 
orientation and allows for the part to be partially hollowed by lowering settings like fill 
density. 
In materials science, durability can be seen as the ability of a material to not exhibit 
significant deteriorations that imply loss of functionality for which they were designed 
(Zhou, 2007). This is important as a material with low durability might not last during the 
design working life and would be susceptible to damage from exposure conditions such 
as high humidity, wind-driven rain, and other sources of degradations (Zhou, 2007). For 
the composites created in this thesis, the materials durability in regard to liquid-based 
events, such as high humidity, is an area of concern. The fabrication method used results 
in a porous structure, with the exterior matrix lay-up not always resulting in a perfect 
seal. This means that the as-printed composite specimens must be kept sealed to 
minimize its exposure to humidity.  
Viscoplasticity is the property of an object that governs how it will respond to time-
dependent and irreversible strains, with the effect increasing as the temperature 
approaches the materials melting point or glass transition point (Lemaitre, 2001). If the 
working environment reaches sufficiently high temperatures and can be expected to have 
some amount of loading, the response of the object may weaken compared to lower  
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temperatures and fail prematurely if the viscoplastic response is not considered.  
The importance of knowing the property for composites is in part due to their 
susceptibility to heat, which is especially true for composites that involve using a 
thermoplastic matrix. In this research, the matrix portion of the composite being 
investigated is expected to have a noticeable viscoplastic response as it is formed to the 
composite via heated extrusion. Since these types of materials are more susceptible to 
changes in their material properties at varying temperatures, it is important to have an 
idea on how they change to ensure that failure does not occur in its working life. 
 Fiber reinforced plastics are employed in a wide range of structures from civil to 
naval edifices. Certain applications involve exposing these materials to elevated 
temperatures during their life cycles. The exposure to high temperatures and/or prolonged 
loading of these composites triggers viscoelastic/viscoplastic deformations that could 
hamper their durability and cause structural instabilities.  
Creep and stress relaxation tests are the most utilized tools to manifest the 
time/temperature dependent changes in different materials. These tests are essential when 
the strength and the stiffness of FRPs degrade dramatically in conjunction with the 
induced viscoelastic behavior. The time-decaying stresses should be considered in the 
design of polymer matrix composites where stress relaxation occurs under the condition 
of constant strain as it makes the structure prone to unpredicted failure mode. Of the 
many mechanisms that trigger stress relaxation, the intrinsic viscoelasticity of the 
polymeric matrix and the straightening of the reinforcing fibers from their possible initial 
weaves are of significant importance. Also, the slippage mechanisms between the fibers 
and the matrix can contribute as another source of the viscoelastic behavior of FRPs.  
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1.1. Thesis Objectives  
As anticipated for any fiber reinforced thermoplastics, the 3D printed composites 
could exhibit pronounced nonlinear and time dependent behaviors. This thesis aims to 
investigate the elastic and viscoplastic behavior of 3D printed FRP composites based on 
carbon fiber and thermoplastic matrix.  
In order to determine the thermal and temporal characteristics of 3D printed carbon 
composites, various mechanical tests need to be performed. Furthermore, for the time-
dependent stress and strain analysis (for life prediction of structures employing 3D 
printed thermoplastic composites), a constitutive model will be adopted and employed to 
predict the viscoplastic behavior of these composites.  
 In order to determine the viscoplastic properties of 3D printed carbon composite 
parts, various mechanical tests will be performed with four different composite 
orthotropic configurations at five different temperatures: 22°C, 50°C, 65°C, 75°C, 90°C. 
The first set of tests are the tensile tests in order to get value for the stiffness and the 
composites strength. The second set of tests are stress relaxation tests, which will be 
used, separately, to determine the values for instantaneous stress and quasi-static stress 
needed in the viscoplastic model. After these two set of tests are completed, the model 
parameters can be obtained. The purpose of the third and final set of tests; the creep test, 
will be to validate the results of the model.  
Chapter 2 of the Thesis elucidates the background on the constitutive model used to 
characterize the observed experimental results. The chapter provides a detailed 
explanation of the orthotropic elastic/viscoplastic model used to characterize the off-axis 
test results. The necessary analytical and experimental procedures for developing the 
elastic/viscoplastic material constants are also discussed in this chapter. 
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Chapter 3 illustrates the 3D printing processes, the printer system and the suggested 
test specimen geometries together with the composite material system under 
investigation. The chapter also describes the test procedure of the composites under 
different thermomechanical environments that include tensile, stress relaxation and creep.  
In Chapter 4, the results of different mechanical test are graphed and tabulated. 
Different trends were identified to explain the effects of the different loading and thermal 
environments on the different composites’ configurations. Additionally, some 
fractography analysis is included after the conclusion of the tensile tests to address an 
issue that was encountered with the tensile testing data. These tests were performed to 
provide a data base on the time dependent behavior of the 3D printed 
carbon/thermoplastics. 
In Chapter 5, the elastic/viscoplastic constitutive model is developed using the 
experimental tensile and load relaxation data. The four materials parameters of the model 
were extracted using curve fitting of the experimental data. The model was verified by 
comparing  existential creep tests versus those predicted by the model for two different 
composite configurations at different thermomechanical loadings. 
The last chapter, Chapter 6, summarizes the work and provides the conclusions 
reached. An assessment is made on the validity of the experimental results and the 
accuracy of the adopted elastic/viscoplastic model. Suggestions for possible future work 
needed to further this research effort are also outlined.  
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2. Constitutive Model for Viscoplasticity 
The thermal and rate dependent behavior of FRPs have been investigated thoroughly 
(Gates, 1992; Gates & Sun, 1991; Nicholson & Gates, 2001). While the carbon fibers 
exhibit linear elastic behavior, the polymeric matrices display a range of time-dependent 
behaviors ranging from brittle elastic to viscoelastic when exposed to different 
temperatures and/or strain rates. Noticeably, the viscous behavior is more pronounced at 
elevated temperatures and increases till reaching the glass transition temperature (Tg) 
where thermoplastic polymeric chains lose their cross linked molecular structure and as 
the result the polymer flows viscously. These molecular-scale changes in return translate 
into degradation of the macroscopic composite properties as shown in Figure 1.1.1. 
The time-temperature dependent behavior of conventional FRPs has been depicted 
utilizing different constitutive models that were originally designed for polymers (Aboudi 
& Cederbaum, 1989; Ascione, Berardi, & D’Aponte, 2011; Gates, 1992; Miyano, 
Kanemitsu, Kunio, & Kunh, 1986; Scott, Lai, & Zureick, 1995). Creep tests require 
prolonged testing time as the rate of change can be very slow (in some cases several 
years). Hence, different accelerated methods have been developed to predict the long-
term creep behavior of polymeric materials using data from tests at elevated temperatures 
with considerably shorter durations. The time–temperature superposition (TTSP), 
Findley’s model (Findley, 1960), Schapery’s model (Schapery, 1966) and polymer 
modified thermal activation energy theory (Raghavan & Meshii, 1998) are some of the 
widely utilized accelerated creep testing schemes.  
Viscoelasticity of FRPs has been studied utilizing standard short-time creep tests at 
different temperatures to predict their long-term creep behavior (Goertzen & Kessler, 
2006; Miyano et al., 1986). Like many other mechanical properties, the creep compliance 
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and the stress relaxation modulus (as two governing material parameters for 
viscoelasticity) are much weaker along the transverse direction to the fiber orientation 
(Abdel-Magid, Lopez-Anido, Smith, & Trofka, 2003). This heightens the importance of 
studying the creep properties in orthotropic or transversely isotropic FRPs where the axial 
direction is designated as the fiber direction which exhibits the least deformation imposed 
by time or temperature variations.  
Several linear constitutive models for FRPs at relatively low stress levels were 
developed (Morris, Yeow, & Brinston, 1979). In contrast to thermosets, thermoplastics 
exhibit pronounced nonlinear mechanical behavior, especially in high temperature 
environments (Al-Haik, 2001). A number of theoretical models have been proposed to 
describe the nonlinear stress-strain relation of a composite. In the past, there decades 
several macro-scale nonlinear-viscoelastic/viscoplastic models were developed. In these 
models, the FRP is considered as an anisotropic yet homogenous materials, disregarding 
the individual behaviors of the constituent.  
Among these models is the one developed by Gates and Sun (1991) which utilized a 
plastic potential function to model the inelastic behavior of carbon fiber/ thermoplastic 
polymer composite. Other models such as that of Bordonaro (1995) modified Krempl’s 
viscoplastic model for metals (Liu & Krempl, 1979) to function with FRPs. The response 
of each individual constituent is considered when modeling the overall behavior of the 
composite (Megnis & Varna, 2003) with a micromechanical approach. To better predict 
the cumulative response of the composite, the reinforcement and the matrix are modeled 
explicitly utilizing numerical methods such as finite element or boundary element 
analysis (Goldberg & Hopkins, 1995). 
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Figure 2.1  The major phenomena in polymer matrix composites induced by high 
temperature and/or prolonged time (Al-Haik, 2001). 
 
 
  
Among the different approaches to capture the viscous behavior of FRP, creep and 
stress relaxation are of particular importance as they directly affect the strength and 
durability of parts or structures made of FRPs. Polymer matrix composites are prone to 
progressive deformation under constant stress (creep) and their stress bearing ability 
decays under constant displacement (stress relaxation) at prolonged time durations. These 
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time-dependent phenomena should be accounted for in the design of FRPs structures as it 
could affect the load bearing capability and might induce structural instabilities. This 
chapter will outline a phenomenological constitute model that can estimate the long-term 
creep behavior using short term relaxation tests and quasi-static tensile tests at different 
thermomechanical environments.  
2.1. Model Derivation 
This chapter will outline the elastic/viscoplastic model developed by Sun and Gates 
(1991; 1992; 1993) to predict the creep behavior of different samples using data from 
stress relaxation and quasi-static tensile tests. 
The first assumption is that there is uniaxial loading wherever the load is not parallel 
to the fiber direction, meaning that the total strain for elastoplastic constitutive relation 
can be formulated using a combination of elastic and plastic terms. 
 𝜀௧ = 𝜀௘ +  𝜀௣ (1) 
Hooke’s law provides the relation between elastic strain and stress and the power law 
provides the relation between plastic strain and stress. 
 𝜀௘ =
𝜎
𝐸
 (2) 
 𝜀௣ = 𝐴 ∗ 𝜎௡ (3) 
Where E is the Young’s modulus and A and n are material constants that can be 
derived from experimental data. To get the rate dependent constitutive relation for the 
viscoplastic strain rate, the elastic and viscoplastic components are added together. 
 𝜀̇௧ = 𝜀̇௘ +  𝜀̇௩௣ (4) 
      With the elastic strain rate represented as, 
 𝜀̇௘ =
?̇?
𝐸
 (5) 
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      And the viscoplastic strain rate is further broken down into two terms. 
 𝜀̇௩௣ = 𝜀̇௣ +  𝜀̇௩௣
ᇲ
 (6) 
Differentiating the plastic strain in the elastoplastic constitutive relation, Equation (3), 
results in the first part of the viscoplastic term for Equation (6), 
 𝜀̇௣ = {
𝐴 ∙ 𝑛 ∙ (𝜎௡ିଵ) ∙ ?̇?     𝑖𝑓    ?̇? > 0
               0                   𝑖𝑓     ?̇? < 0
 (7) 
Applying the ‘overstress’ concept will provide the second term for Equation (6) as 
Equation (8). 
 𝜀̇௩௣
ᇲ
=
⟨𝐻⟩
𝐾
ଵ
௠
 (8) 
Where H is the overstress, ⟨ ⟩ are Macauly brackets, and K and m are material 
constants found from experimental data. The overstress value is considered as a scalar 
quantity that relates the quasi-static stress, 𝜎∗, to the dynamic or instantaneous stress, 𝜎, 
at the same strain level. 
 𝐻 =  𝜎 − 𝜎∗ (9) 
Substituting this back into Equation (8) and applying the two cases for the quasi-static 
stress, 
 𝜀̇௩௣ = {
𝜎 − 𝜎∗
𝐾
ଵ
௠
    𝑖𝑓    ?̇? > 0
       0               𝑖𝑓     ?̇? < 0     
 (10) 
2.2. Obtaining the Model Parameters 
During the formulation of the model, 4 different material constants K, m, A, and n, 
are required to generate a useable model. These constants are temperature-dependent and 
will be determined by analyzing the experimental data. The constants can be determined 
from performing tensile tests and either creep or relaxation tests at different 
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thermomechanical conditions. If load relaxation is used to determine some of the material 
constants then the quasi-static stress becomes constant, stress rate is negative, and the 
total viscoplastic strain rate is zero. This results in the term 𝜀̇௩௣
ᇲ
 to equal zero and 
Equation (4) and (6) to be simplified to Equation (11). 
 𝜀̇௩௣ = 𝜀̇௩௣
ᇲ
= −𝜀̇௘ (11) 
Combining this equation with Equation (4) and Equation (10) results in Equation (12). 
 ቈ
(𝜎 − 𝜎∗) 
𝐾
቉
ଵ
௠
=  −
?̇?
𝐸
 = 𝜀̇௩௣  (12) 
By applying a power law curve-fit to the stress-time data gathered from a load 
relaxation test and differentiating the curve with respect to time, the stress rate can be 
determined. Applying Gauss-Newton and nonlinear regression methods to Equation (12) 
yields the quasi-static stress.  
After determining values for the various stresses and stress rate it is possible to 
determine the value of the m and K parameters. The calculations for these values do not 
include data from the initial applied load for the test; not incorporating the loading 
portion of the tests. By repeating this for different strain level and repeating the 
calculations performed above, a quasi-static stress-strain curve can be developed.  
If data from stress relaxation is used to determine material constants, then the strain 
becomes constant and the strain rate goes to zero. Due to this the total strain rate from 
Equation (4), in combination with the Equations (5), (6), (7), and (10) can be written as 
Equation (13). 
 𝜀̇௧ =  𝜀̇௩௣
ᇲ
=  ቈ
(𝜎 − 𝜎∗) 
𝐾
቉
ଵ
௠
 (13) 
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This relationship is a first order nonlinear differential equation that is coupled to the 
quasi-static stress through Equation (11). In order to solve for the material constants 
using this equation it will be necessary to use combined methods of numerical analysis 
for solving nonlinear equation and differential equations. 
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3. Samples Preparation and Mechanical Testing 
Careful consideration must go into the manufacturing of the specimen and recording 
the specification used. Additionally, the testing conditions for each specimen will not be 
modified between each run except for the testing chamber temperature. This is done to 
ensure higher data accuracy and to allow each test to be analyzed without the need for 
more in-depth analysis on those variances as a source of error. This is even more 
important for the printer since different printers will vary in performance depending on 
the quality of the printer, the printing method used, as well as more specific features such 
as layer height. 
3.1. Specimen Design 
The Mark Two 3D printer by Markforged Company is a robust and versatile desktop 
printer that uses Markforged’s unique continuous carbon fiber reinforcement to print 
high-strength parts in a range of different materials (Markforged, 2019). The Mark Two 
is capable of printing with as Carbon Fiber, Fiberglass and Kevlar as well as a unique 
thermoplastic, Onyx, that is comprised of Nylon mixed with chopped carbon fiber 
(Markforged, 2019). The machine was made to ensure high reliability with a robust 
system to detect errors during the printing process and the capacity to pause the print 
operations to correct any issues with the print bed, extruders, or material supplies and 
then resume (Markforged, 2019).  
The process to turn a CAD model to a printed object has also been streamlined and 
made easy to use, with an online website handling the loading and splicing of .stl files 
and allowing multiple settings to be chosen from. These settings include options 
regarding the extrusion of fiber segments that allows different options to be set, such as 
the print configuration pattern for fiber laying. One major design point regarding the 
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specimens to be analyzed involves the print configuration for the fiber path lay out. The 
splicer software from Markforged allows some manipulation of the fiber path laying with 
the two options being concentric or isotropic.  
Within those two settings, additional specification can be set that are specific to those 
path laying methods. For the isotropic configuration, the ply angle can be set, either over 
all or by layer. The concentric configuration allows to select which walls to reinforce but 
does not allow for any angle specifications. Both of the configurations also allow the 
selection of how many concentric fiber rings to be set, allowing, for the isotropic 
configuration, a possibility of a mixed isotropic/concentric configuration while for the 
concentric configuration this just allows the setting of how many rings will it try to lay.  
Figure 3.1.1 and Figure 3.1.2 show an example of the fiber laying path visualized by 
the eiger.io compiler, with the blue lines indicating the fiber. Figure 3.1.1 shows an 
isotropic configuration with a 0° ply angle and Figure 3.1.2 shows a concentric 
configuration that is set to have 6 concentric fiber rings.  
 
 
Figure 3.1.1  Internal view of the isotropic configuration set to have a 0° ply angle 
 
 
Figure 3.1.2  Internal view of the concentric configuration set to 6 fiber rings. 
15 
The ASTM standard for tension specimen in plastics (ASTM D 639), Figure 3.1.3, 
requires machining to create a smooth rounded transition from the wider loading tab 
region to the narrower gauge region. One benefit of 3D printing is achieving this 
transition without the need for machining. However, from past experience, such samples 
fail at the transition point and do not meet the criteria for failure within the gauge length 
(Jones, 1999). Utilizing straight sided sample with thickness change in the transition 
region between the tab and the gauge length – rather than width change- could sometimes 
allow for failure in the gauge region, but often time s failure takes place at the transition 
area. Thus, both typical samples are deemed in effective.  
 
 
Figure 3.1.3  ASTM D638 Tensile test specimen (Jones, 1999). 
 
 
 
Another ASTM test for composite, ASTM D3039, suggests increasing thickness at 
the grip location as shown in Figure 3.1.4.  
 
 
Figure 3.1.4  Tensile test sample after the ASTM3039D standard (ASTM, 2002). 
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While this configuration works for composites prepared using standard autoclave and 
hand layup, we found that for 3D printed composites it would only result in stress 
concentration between the elevated layers and likely cause the part to break or delaminate 
very near to the grips. This is due to how the composited is printed, as it is built up and 
divided into multiple layers. The transition between the layers would not have as strong 
as a bond and is more susceptible to delamination, especially in the case of non-uniform 
thickness. As a result of the traditional shape not being suitable, research was done to 
determine alternative specimen shapes which led to the use of a bow-tie design shape. 
In lieu of the classical tensile samples and utilizing the 3D printing ability to produce 
a very smooth gradual transition region, the bow-tie tension sample has a failure 
consistency at the gage region so it could be the only sample that satisfies the criterion for 
a good specimen. This lay out entails uniform thickness while increasing the surface area 
towards the grip areas and having it taper off at the center, with the center third of the 
specimen being flat, as shown in Figure 3.1.5. In theory this should increase the 
likelihood of the failure initiating near the center to help ensure that the data is more 
accurate. 
 
 
Figure 3.1.5  Reference standard used to generate the geometry of the tensile testing 
bow-tie specimens (Worthem, 1990). 
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3.2. Specimen Manufacturing 
Once the sample lay out is determined, it is necessary to create a 3D CAD model and 
convert it into a 3D printable form. The original bow-tie design was scaled down to better 
suit the size limitation for the printer and minimize the cost per specimen. The final 
geometric constraints used for this research experiment are shown in Figure 3.2.1. When 
the profile sketch for the model was finished in CATIA it was given a thickness of 2.5 
mm and converted into a .stl file. The .stl file was uploaded to the browser software, 
eiger.io, where various print features could be modified, with the settings used shown in 
Table 3.2.1. 
 
 
 
Figure 3.2.1  CAD sketch of the bowtie model used for the 3D printed models with given 
dimensions in millimeters. 
 
 
 
Table 3.2.1 
The recorded information from the eiger.io splicer for the two types of specimen variants 
that were preliminary tested. 
 
Setting Option/Value 
Fill Pattern Rectangular 
Fill Density 37% 
Roof/Floor Layers Single 
Wall Layers Single 
Total Fiber Layers 18 (Max) 
Fiber Fill Type Concentric Isotropic 
Walls to Reinforce All Walls N/A 
Fiber Angle N/A 0° 
Concentric Fiber Rings 6 0 
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Table 3.2.2 
The recorded fabrication information for the two types of specimen variants that were 
preliminary tested. 
Metric Concentric Isotropic 
Dimension 219mm x 14.0mm x 2.5mm 
Print Time 1h 21m 1h 27m 
Material Cost 13.44 USD 13.76 USD 
Total Mass 8.2 g 8.34 g 
Plastic Volume 1.76 cm3 1.84 cm3 
Fiber Volume 4.37 cm3 4.47 cm3 
 
 
 
To verify the suitability of these designs, they were tested under tensile loading in the 
structure’s lab at Daytona Beach campus for Embry-Riddle Aeronautical University 
(ERAU). As shown in Figure 3.2.2 and Figure 3.2.3, both specimens displayed failure 
initiations towards the central region, however the concentric model did not break 
cleanly. While the 0° isotropic design broke cleanly and near the center, a couple later 
tests showed occasion issues due to a common surface defect, shown in Figure 3.2.4, that 
resulted from the print configuration and thus caused the stress to concentrate in this 
region. This defect is due to how the fabricates the specimen, which when it finishes 
printing a single layer or ply it cuts the filament, but this is not usually a perfect cut, 
resulting in excess. This defect can be minimized with further modifications to the wall 
properties, meaning that either sample are a valid choice for further experimentation. 
 
 
Figure 3.2.2  Left specimen shows an example of how the 0° isotropic specimen 
fractured and the right specimen is the fracture for a concentric specimen. 
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Figure 3.2.3  Left specimen shows a closer image on how the 0° isotropic specimen 
fractured and the right specimen is the fracture for the concentric specimen. 
 
 
 
Figure 3.2.4  Close up image of the specimen end. The circle section indicates a section 
of fiber that stuck out as part of a regularly consistent print defect for the 0° isotropic 
print.  
 
 
 
After further consideration, the isotropic specimen was adopted for further 
investigation and analysis. The concentric print specification was too limiting as the only 
variable that could be controlled were the number of fibers rings. Ultimately, after 
determining that these defects can be minimized such that they would not pose a serious 
source of error, the determining factor came down from the need to determine the 
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material properties of the composite. For the viscoplastic model to be generated, the 
longitudinal and transverse moduli of elasticity as well as the shear modulus are needed. 
To get these values for the concentric specimen would prove incredibly difficult as 
that type of specimen had non-uniform angles throughout the ply and the ply angles could 
not be modified. However, the isotropic specimen configuration option allowed for the 
setting of ply angles and thus those values could be determined by testing a 0° specimen, 
a 90° specimen, and a 45° specimen, respectively. This would then lend well to testing 
the model at different configurations, since the aforementioned issue would only allow 
for one or two different types of concentric specimen to be tested while the isotropic 
would have enough design flexibility to test a reasonable sample size. 
After determining the configurations to be tested, another important value regarding 
composites is the volume fraction. Table 3.2.3 notes the volume fraction for the fiber and 
matrix for each of the four tested configurations. In each of the configurations the optimal 
path laying would result in slightly more or less sections empty of carbon fiber and will 
be a factor on how they react under testing. Included in the table is also the ideal volume, 
in cubic centimeters, for each of the configuration, which will help to determine if there 
is any variance in the geometry of the sample for each printed specimen. 
 
 
Table 3.2.3  
Volume and volume fraction properties of the average composite for each configuration. 
 
0q 45q 90q 0q/45q/90q 
Plastic Volume (cm3) 2.14 1.97 1.76 1.95 
Fiber Volume (cm3) 4.47 4.3 4.25 4.34 
Total Volume (cm3) 6.61 6.27 6.01 6.29 
Fiber VF 67.62 % 68.58 % 70.72 % 69.00 % 
Plastic VF 32.37 % 31.42 % 29.28 % 31.00 % 
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3.3. Testing Setup 
The 3D printer used to fabricate the various composite tensile testing specimens was 
a Markforged Mark Two® printer. The fabrication of the tensile specimens was 
performed in the Materials lab at the Mica Plex complex at ERAU Daytona Beach 
campus. This printer is capable of fabricating either neat thermoplastic or thermoplastic/ 
fiber composite structures using either a Fused Filament Fabrication (FFF) or Continuous 
Filament Fabrication (CFF) process, respectively. The print bed for this printer limited 
the max dimensions of the parts to 320 mm × 132 mm × 154 mm and, when printing with 
fiber, the minimum layer height to 0.125 mm (Markforged, 2019). The thermoplastic 
matrix comprised a proprietary thermoplastic called Onyx which is a chopped carbon 
fiber reinforced nylon. The fiber used were spools of carbon fiber filament. Any material 
property for the carbon fiber filament that is not given will require further research as it 
will differ from those used in traditional methods. For the Poisson’s ratio, an important 
value needed in the model will be assumed to be a value in the range of 0.25 to 0.30 
(Dagget, 2012). The relevant material properties of the Onyx thermoplastic and carbon 
fiber filament are shown on Table 3.3.1. 
 
Table 3.3.1 
Material properties for onyx thermoplastic and carbon fiber filament (Markforged, 2019). 
Material Young’s Modulus 
(GPa) 
Tensile Strength 
(MPa) 
Tensile Strain at 
Failure (%) 
Carbon Fiber 60 800 1.5 
Onyx  1.4 36 25 
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Figure 3.3.1  The Mark Two printer by Markforged. The filament for the matrix is loaded 
externally in a larger container (Markforged, 2019). 
 
 
 
One property that required physical testing to determine was the glass transition point 
for the Onyx thermoplastic, which could be determined via dynamic mechanical analysis 
(DMA). This value would dictate what the upper bound temperature the sample could be 
tested at and helps to ensure that the data gathered can be properly utilized. In order to 
determine the glass, transition a small testing specimen was printed that could fit within 
the DMA 8000 testing machine, following the DMA standard by ASTM of D5023 
(ASTM, 2015).  
Using the Mark Two printer the sample was printed with dimensions of 50mm by 6 
mm by 1 mm, mounted on a 3-point building fixture with 40mm, with a force applied 
until the measured deflection was 0.01 mm. The sample was oscillated at 1 Hz while 
heated at 2°C per minute up to 150°C. From Figure 3.3.2, the plotted results of the DMA 
data, it can be determined that the glass transition (Tg) temperature occurs at around 
23 
135°C. In order to ensure that no issues occur due to reaching temperature values close to 
this point, the upper limit would be set to 2/3rd the value of Tg, resulting in a 90°C. The 
five temperature tested are therefore going to be 22°C, 50°C, 65°C, 75°C, 90°C. The 
relatively large gap between room temperature and 50°C is that temperatures close to 
room temperatures will have little changes and those might be difficult to see when 
comparing it to the 22°C test. 
 
 
Figure 3.3.2  Plotted curve of Temperature vs Tan Delta from the DMA 8000 test. The 
bump at around 135°C is an indicator for the glass transition temperature and is noted by 
a vertical line. 
 
 
 
3.4. Tensile Testing 
The methodology for performing the tensile test follows the normal operation 
principles with a small addition due to the use of an environmental chamber. The first 
few steps involve the proper set-up of a table top MTS Criterion (model 43) testing frame 
equipped with a 50kN load cell and environmental chamber, desktop computer for data 
acquisition, thermal controller, and the Thermo Scientific chiller cooling system to 
protect the load cell. Prior to running a test, an MTS extensometer (model 43) is 
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connected and routed into the environmental chamber through an opening at the top, 
shown in Figure 3.4.1. The next step involves turning on the thermal controller and 
requires the environmental chamber to be opened and unlocked, as the linked heating 
element will not function with the chamber open. Following that is turning on and 
activating the cooling system by following the steps listed by the user manual kept 
nearby.  
 
 
Figure 3.4.1  This image shows the entire testing system with thermal controller on the 
left, the MTS Criterion testing frame on the center left, the desktop on the center right, 
and the cooling system on the far right. The cabling for the extensometer is routed 
through an opening on the top of the environmental chamber. 
 
 
 
The test program for a tensile test using an extensometer is a part of a default 
template, so no additional steps were needed to create one. The program inputs of interest 
are the test extension rate, which was set at 0.05 for the more ductile specimens or 0.025 
mm/s for the stiffer specimens, the gauge length, which is 25.4 mm, and the length and 
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width of the sample. The sample is then mounted to the grips in the test chamber, with 
visual verification that the specimen is placed properly as per recommended standard 
(ASTM, 2004), and the extensometer is placed at the specimen’s center. The load and 
extensometer readings on the computer are zeroed after the specimen is loaded. At this 
point, the pin holding the extensometer reading at near zero is removed. 
 The final step before starting the test involves heating up the chamber to the 
required temperature and holding for approximately 45 minutes or until readings indicate 
the testing temperature has been reached. For each printed composite configuration, five 
tensile tests were carried out at temperatures between 22°C to 90 °C. It was expected that 
this range of temperature will be sufficient to demonstrate any susceptibility of the 
material parameters to temperature effects without exceeding the glass transition 
temperature of the matrix.  
Once started, the test will progress monotonically until the machine has indicated 
some level of failure due to a sharp and drastic change in stress/strain. Once the specimen 
has failed, the chamber can be opened, and the specimen and extensometer can be 
removed. If testing is continued, the placement of the next specimen is done immediately 
afterwards to minimize heat loss from inside the chamber and reduce the thermal 
environment stabilizing time.  
3.5. Stress Relaxation Testing 
The physical set-up procedure for the stress relaxation test follows the same 
procedures mentioned for the tensile test. The divergence occurs at the test procedure 
template for the MTS software, since it does not exist as a default template. The machine, 
however, was used for stress relaxation testing in the past and contained a custom 
template for a stress relaxation test, however it required several modifications. The data 
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reading for the software was not configured to read from an extensometer, so anything 
referring to the crosshead for calculations and checks had to be converted to use the 
extensometer instead. Some minor changes involved adjusting the holding time for the 
constant strain segments to hold for 30 minutes. Figure 3.5.1 shows a repeated segment 
of the code where one of the strain values are inputted. The other test inputs are of the 
same type as before, but the test rate is set at 0.025 mm/s for all tests.  
 
 
Figure 3.5.1  Shown is a screenshot of the MTS software where the test procedure of the 
stress relaxation template can be modified. The block circled in read is where the strain 
rate for a section can be inputted. 
 
 
 
3.6. Creep Testing 
The creep testing involves the same physical set-up done for the tensile tests and 
stress relaxation tests, with the main difference coming from the program the machine 
runs. One of the largest difficulties with this is that the tensile machine used is 
displacement-based while the creep tests requires force to be kept constant. A work-
around had been made with help of a technician and was further modified and tuned to 
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function for the tests performed in this research. The inputs for this program involved 
various tuning values allowed for the machine to simulate force-based testing. The 
proportional term and derivative term in the PID comptroller gains were kept at 0.01 for 
all the creep tests, while in integral terms was modified slightly between each test ranging 
from 0.0001 to 0.0002 in order to generate stable convergence. The creep tests were 
performed at 20% and 80% of the composite strength at the corresponding temperature 
for the tested configurations for one hour segments each, as shown in the program block 
on Figure 3.6.1.  
 
 
 
Figure 3.6.1  Shown is a screenshot of the MTS software where the test procedure of the 
creep test template can be modified. Circled in red are where the values for 20% and 80% 
of the specimen’s strength can be inputted.  
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4. Experimental Results 
From the three different mechanical tests described in the previous chapter, the goal is 
to acquire the required data and material properties in order to construct the 
phenomenological model used by Gates. The tensile test and stress relaxations tests will 
be used separately to determine the material properties and collectively to determine the 
model parameters. The model will then be constructed and compared against 
experimental creep test to determine the accuracy and validity of the model. 
4.1. Tensile Tests  
The stress vs. strain curves from tensile test experiments over 5 different temperatures 
were carried out. Each test was repeated two times to ensure repeatability of the results. 
The data collected from these tests will be used for three main purposes. The first would 
be in determining the strain values to be used for the stress relaxation tests since it is 
dependent on the break strain for the specimen. The second purpose is to calculate the 
Young’s modulus, tensile strength, and ductility for each of the four printed composite 
comigrations. Additionally, utilizing the 0q, 45q, and 90q composite samples, the shear 
modulus of the material can be determined, using these values and a value of 0.25 for the 
Poisson’s ratio. 
4.1.1. The 0q Configuration 
The preliminary analysis of the tensile test data showed that the trend was mostly 
linear elastic, which was expected as the fibers are liner elastic and they dominate the 
mechanical behavior long that direction. Figure 4.1.1.1 shows the plot of stress vs strain 
at each of the 5 temperature tests for the 0q specimens. Further analysis of these plots can 
help to determine the validity of the data recorded, how closely it follows expected 
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trends, and if there are artifacts or anomalies in the data. From Figure 4.1.1.1, it was 
noticed that one of the stress-strain curves recorded showed noticeable nonlinearity. This 
nonlinearity was noticeable at the higher temperatures, such as the 75°C and 90°C tests, 
which a good indication that the specimens were approaching the glass transition of the 
matrix. For the 22°C, 50°C, and 65°C tests, all of them exhibited a linear trend up to 
failure. 
The composite properties gathered from these tensile tests are shown in Table 4.1.1.1. 
Comparing these values to those for the composite constituents provided by the 
manufacturer, shown in Table 3.3.1, the tensile properties of the composite specimen are 
found to be closer to those for the carbon fiber filament than that of the Onyx 
thermoplastic, which was expected. For the 0q composite, the loading is expected to be 
mostly carried by the fiber, hence the mechanical properties; Young’s modulus and 
tensile strength are expected to be near that of the carbon fiber provided by Markforged.  
 
 
 
Figure 4.1.1.1  Stress vs strain results for the 0q configuration at five different 
temperatures. 
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The room temperature results were found to be within 5% error compared to those 
provided by Markforged, which corresponds to a value of 60 GPa. The strength of the 
material is significantly lower than the manufacturer given value, of 33.46% less. The 
tensile strain at failure as a measure of ductility was also noticeably lower than the 
manufacturer given value, with a percent error of 37.73% for the room temperature test. 
Since the tensile modulus for the 0q specimen was within reasonable variance from the 
fiber values given in Table 3.3.1, it can be assumed that the major variance for the other 
two recorded material properties likely stems from differences in volume fraction and 
change in the sample test geometry. This is further supported by similar percent errors for 
the strength and ductility recorded from the testing done in this research. 
 
Table 4.1.1.1 
Table of averaged material properties for the 0q composite configuration at five different 
temperatures. Variation includes as these properties are averaged values. 
Material 
Properties 
Units 22°C 50°C 65°C 75°C 90°C 
Young's Modulus GPa 59.762 58.246 55.841 55.286 54.342 
Variation GPa 0.104 0.093 0.070 0.578 2.879 
Strength MPa 536.485 492.815 432.794 457.977 452.544 
Variation MPa 22.961 45.218 44.245 55.459 39.402 
Ductility % 0.911 0.860 0.781 0.899 0.850 
Variation % 0.032 0.079 0.080 0.150 0.011 
 
 
Table 4.1.1.2 shows how the composite was affected due to the increase in 
temperature during tested. The Young’s modulus decreased at a steady rate, with each 
case resulting in a lower value, up to a maximum percent decrease of 9.07%. For 
strength, that general trend is mostly true, however, there is an outlier in the pattern at 
65°C which had a massive percent decrease, larger than that for the 90°C case. Due to no 
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issues with the Young’s modulus, this indicates that the test at this temperature failed 
early on two occasions, which is possible with the relative low sample size. This 
conclusion is also matched when comparing the ductility, where the 65°C test also has 
the largest percent decrease. 
 
Table 4.1.1.2 
Percent change of material properties due to changing temperatures. Each change is using 
the original value as the value for room temperature. 
Property 22°C 50°C 65°C 75°C 90°C 
Young's Modulus 0.000 -2.537 -6.561 -7.490 -9.070 
Strength 0.000 -8.140 -19.328 -14.634 -15.646 
Ductility 0.000 -5.546 -14.224 -1.265 -6.629 
 
 
 
4.1.2. The 45q Configuration 
Any tensile test where the fiber makes an angle with the loading direction is referred to 
as off-axis tensile test (Jones, 1999). The preliminary analysis of the tensile test data 
showed that the trend was slightly linear at the lower temperatures and became less linear 
and more plastic at the higher temperatures. Most significant change compared to the 0 q 
sample is the stress/strain curve showed a “knee”. 
This pattern was expected as the fiber is approximately 45 qnear the thinnest portion 
of the specimen and thus should behave closer to the matrix than the fiber. Since the 
matrix constituted of a thermoplastic with chopped carbon fiber bits, the plastic behavior 
should increase as the temperature approaches Tg. The plot of the stress vs strain at each 
of the five temperature tests for the 45q specimens is shown on Figure 4.1.2.1. Further 
analysis of these plots can help determine the validity of the data recorded, how closely it 
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follows expected trends, and if there are artifacts or anomalies in the data. From Figure 
4.1.2.1, it was noticed that at least one of the two stress-strain curves recorded showed 
noticeable nonlinearity.  
 
 
 
Figure 4.1.2.1  Stress vs Strain plot for the 45q configuration at five different 
temperatures. 
 
 
 
The data gathered from these plots regarding the material properties are shown in 
Table 4.1.2.1. Compared to the properties of the fiber and matrix shown in Table 3.3.1, 
the values are closer to those for the Onyx thermoplastic. At the 45° fiber orientation the 
loading is expected to be split amongst the fiber and matrix, but due to delamination of 
the fiber most of the loading is going to end up being on the matrix. The temperature 
effects on apparent moduli and strength of the 45q sample are shown in Table 4.1.2.1. It 
is observed that in comparison to the 0° sample the longitudinal modulus does not change 
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significantly with respect when increasing the temperature (less than 10% change), but 
the apparent moduli of other 45° specimens drop to almost 50% of the modulus of room 
temperature at 90°C.  
It is evident that the longitudinal exhibited lesser degradation as it is dominated by the 
carbon fiber which is not sensitive to the temperature variation range in this study. Since 
the transverse property is dominated by the Onyx thermoplastic matrix, which is sensitive 
to temperature variation, the transverse moduli decrease significantly as temperature 
increases, especially at temperatures closer to the glass transition temperature (e.g. 90°C). 
The only exception is for the strength at 75qC, which increased slightly compared to 
the 65qC test, but could be due to the sample fabrication resulting in a slightly stronger 
specimen or that the internal temperature of the sample did not fully reach 75qC. The 
latter possibility is further strengthened by the specimen having lower ductility as well. 
 
Table 4.1.2.1 
Table of material properties for the 45q specimen at the five temperatures tested. 
Property  Units 22 qC 50 qC 65 qC 75 qC 90 qC 
Young's Modulus GPa 4.7286 3.6793 3.4717 3.2353 2.2485 
Strength MPa 35.51 30.824 28.111 30.022 25.108 
Ductility % 0.984 1.37 1.257 1.437 1.877 
 
 
Table 4.1.2.2 shows how the composite was affected due to the increase in 
temperature during tested. The Young’s modulus decreased at a rapid rate, with each case 
resulting in a significantly lower value, up to a maximum percent decrease of 54.63%. 
For strength, that general trend is mostly true, however, there is a small outlier in the 
pattern at 75°C which was larger than the value for the 65°C case. This indicates, along 
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with the trends noticed for the Young’s modulus and Figure 4.1.2.1, that the test at 75°C 
was either particularly strong or did not properly heat to 75°C.  
 
Table 4.1.2.2 
Percent change of material properties due to changing temperatures. Each change is using 
the original value as the value for room temperature. 
Property 22°C 50°C 65°C 75°C 90°C 
Young's Modulus 0.000 -21.886 -28.666 -31.381 -54.625 
Strength 0.000 -5.331 -15.646 -8.134 -29.213 
Ductility 0.000 53.036 44.529 59.773 101.100 
 
 
4.1.3. The 90q Configuration 
The preliminary analysis of the tensile test data showed that the trend was slightly 
linear at the lower temperatures and became less linear and more plastic at the higher 
temperatures. This pattern was expected as the fiber is approximately 90q near the thin 
portion of the specimen and, thus, should behave closer to the matrix than the fiber. Since 
the matrix is a thermoplastic that contains chopped carbon fiber bits, the plastic behavior 
should increase as the temperature approaches the glass transition temperature. Figure 
4.1.3.1 shows the plots of stress vs strain at each of the 5 temperature tests for the 90° 
specimens. Each of the plot follows the expected nonlinearity trend for a plastic material. 
This transition is more noticeable compared to the 0q and 45q specimens since the load 
force for the 90q sample was only a small fraction compared to those tests. Further 
investigation into the internal structure for this sample, after comparing the results for the 
test to that of the 45q showed that there was a section in the composite that were 
perpendicular to the pull direction.  
35 
This can be attributed to the extrusion method that the printer uses for fiber operation, 
involving a continuous segment of fiber being placed per each ply. This meant that the 
fiber has the perform a series of turns whenever it encounters the wall of the specimen. 
This is true for all the specimens, but the 90q configuration resulted in a long of turns, 
strengthening the interior to that beyond the 45q specimen. This could not be adjusted for 
in the printer software, as there was no means of modifying how the fiber’s path was laid 
in a specific ply. 
 
 
Figure 4.1.3.1  Stress vs Strain plot for the 90qconfiguration at five different 
temperatures. 
 
 
 
The data gathered from these plots regarding the material properties are shown in 
Table 4.1.3.1. The value for 90q specimen is closer to those for the Onyx thermoplastic as 
the loading is expected to be mostly carried by the matrix component of the composite. 
This means that the expected material properties for the Young’s modulus and tensile 
strength are expected to be near that of the Onyx.  
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For the Young’s Modulus, the value for the specimen was found to be around 1.5 to 
2.5 times larger than the room temperature value, recorded in Table 3.3.1 for Onyx. 
Using that table, it can also be seen that the strength of the specimen at 50°C and 65°C 
are within 3% of Markforged’s room temperature value. This value, however, steadily 
decreases after 65°C, resulting in a percent degradation of 15% at 90°C. Additionally, the 
recorded value for strength at room temperature was found to be noticeably higher than 
the material value for strength, with a percent error of approximately 25%. Finally, the 
specimen’s ductility was found to be an order of magnitude smaller than Markforged’s 
ductility value for Onyx, which corresponds to delamination after a brief period of 
elongation as the method of failure. 
The general trend of the material properties as the temperature increased was that the 
strength and Young’s modulus decreased while the ductility increased. The only 
exception to that trend is for the specimen tested at 75°C, which had the lowest ductility 
out of all the specimens. The cause is likely related to either the sample fabrication or the 
orientation of the fibers within the Onyx thermoplastic, resulting in a slightly stronger 
specimen. Since the other properties of strength and elastic modulus followed the 
expected trends, it is unlikely that this is due to the internal temperature failing to reach 
75°C. 
 
 
Table 4.1.3.1 
Table of material properties for the 90q specimen at five different temperatures. 
Material Property Units 22°C 50°C 65°C 75°C 90°C 
Young's Modulus GPa 3.513 2.773 2.884 2.567 1.964 
Strength MPa 44.287 37.099 35.777 32.866 28.380 
Ductility % 1.883 2.070 2.128 2.145 2.584 
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Table 4.1.3.2 show how the composite was affected due to the increase in temperature 
during tested. The Young’s modulus decreased at a rapid rate, with each case resulting in 
a significantly lower value, up to a maximum percent decrease of 54.63%. There, 
however, was a slight outlier for the modulus values at 65°C which was had a smaller 
percent drop than the 50°C case, indicating that the 65°C test might not have fully heated 
up and remained slightly stronger than it should have.  
 
Table 4.1.3.2 
Percent change of material properties due to changing temperatures. Each change is using 
the original value as the value for room temperature. 
Material Property 22°C 50°C 65°C 75°C 90°C 
Young's Modulus 0.000 -21.058 -17.912 -26.920 -44.079 
Strength 0.000 -16.232 -19.217 -25.789 -35.917 
Ductility 0.000 9.911 12.990 13.903 37.210 
 
 
4.1.4. Mixed (0q/45q/90q) Angle Configuration 
This configuration utilizes the three configurations outlined earlier. The middle layer 
orientation was chosen to further increase the matrix contribution to the overall 
mechanical properties. Identical to the other three configurations, the initial portion of the 
tensile test data showed a linear trend at all temperatures, with only slight non-linearity as 
the temperature increased. Per the classical laminate theory (CLT) (Hyer, 2009), this 
composite configuration is a laminate that is expected to possess properties less than that 
of the 0q but much better than both the 45q and 90q configurations. Since the composite 
contains only a third of the amount of 0q plies when compared to the single angle 
composite, with the remaining 2/3rds split evenly amongst the 45q and 90q layers, it is 
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expected that the strength and Young’s modulus to be noticeably lower but within the 
same order of magnitude.  
Figure 4.1.4.1 shows the plot of stress vs strain at each of the 5 temperature tests for 
the mixed angle specimens. Additionally, repeating the tests indicated that the curves are 
relatively identical, meaning that it is unlikely that either of them is outliers or contain 
flawed data. 
 
 
 
Figure 4.1.4.1  Stress vs strain plot for the 0q/45q/90q configuration at five different 
temperatures. 
 
 
 
The data gathered from these plots regarding the material properties are shown in 
Table 4.1.4.1. For this specimen, the loading is going to be carried at three different 
levels between the matrix and the fiber depending on the layer, but overall, since the 0q 
aligns with the loading direction it will carry most of the loading followed by the 45q 
then the 90q.  
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Table 4.1.4.1 
Table of averaged material properties for the mixed angles (0q/45q/90q) composite 
configuration at five different temperatures. Includes value variation as this config had 
two tensile tests at each temperature. 
Material 
Properties 
Units 22°C 50°C 65°C 75°C 90°C 
Young's Modulus GPa 21.633 21.195 20.704 19.816 19.538 
Variation GPa 0.979 0.594 0.379 0.386 0.115 
Strength MPa 278.523 285.898 278.112 273.618 260.606 
Variation MPa 7.564 4.486 13.336 28.628 11.063 
Ductility % 1.290 1.413 1.334 1.631 1.361 
Variation % 0.095 0.118 0.068 0.414 0.046 
 
 
 
For the tensile strength, the value for this specimen was found to be significantly 
lower than the room temperature value recorded in Table 3.3.1, for carbon fiber. At room 
temperature the value calculated from the experimental data is smaller by around a factor 
of 2.5 and at 90°C it is smaller by a factor of 3.2. Additionally, the specimen’s ductility 
was found to be relatively close to the ductility value for the carbon fiber filament, with a 
percent error of 12.7% at room temperature and 10.5% at 90°C. On average, the mixed 
angle specimen was found to be have a Young’s modulus around 1/3rd of the Young’s 
modulus for the fiber at room temperature, given to be 60 GPa from Markforged. 
The general trend of the material properties as the temperature increased was that the 
strength and Young’s modulus decreased while the ductility increased. The change in 
these values as the temperature increased was found to be slightly lower than that for the 
0qspecimen. Additionally, the ductility recorded for the 50°C specimen was found to be 
abnormally high compared to the other temperature values. The cause is likely related to 
either the sample fabrication or the orientation of the fibers within the Onyx 
thermoplastic, resulting in a slightly more ductile specimen. Since the other properties of 
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strength and elastic modulus followed the expected trends, it is unlikely that this is due to 
the internal temperature failing to reach 50°C. 
Table 4.1.4.2 show how the composite was affected due to the increase in temperature 
during tested. The Young’s modulus decreased at a steady rate, with each case resulting 
in a lower value, up to a maximum percent decrease of 9.783%. For strength, that general 
trend is mostly true, however, there is an outlier in the pattern at 50°C which had a higher 
strength than the room temperature. Since there was no issue in the Young’s modulus 
trend, this indicates that either the room temperature test failed early or the test at 50°C 
was a particularly strong. Due to the very small percent drop when comparing the room 
temperature test and the 65°C, it is likely that the room temperature test broke early. 
 
 
Table 4.1.4.2 
Percent change of material properties due to changing temperatures. Each change is using 
the original value as the value for room temperature. 
Property 22°C 50°C 65°C 75°C 90°C 
Young's Modulus 0.000 -2.025 -4.294 -8.396 -9.683 
Strength 0.000 2.648 -0.148 -1.761 -6.433 
Ductility 0.000 9.571 3.448 26.421 5.543 
 
 
 
4.2. Fractography 
Investigation of the fracture surface was deemed necessary in order to investigate the 
issue regarding the 90° isotropic configuration resulting in higher strength when 
compared to the values for the 45° isotropic configuration as anticipated via 
unidirectional lamina analysis (Jones, 1999). As this is being investigated, the fracture 
surface for the four configurations will be investigated to determine if there are any 
indicators that correspond to the weakening of the composite at higher temperatures.  
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FEI Quanta 650 SEM was operated in a high vacuum mode with a tungsten 
thermionic gun for emitting electron beams, in this research. Also, a secondary electron 
detector, an Everhart–Thornley Detector, with a positive bias to attract low energy 
secondary electrons was used for forming micrographs. Due to the low atomic number of 
the composite specimen, various problems arose in imaging at high magnifications. Thus, 
gold coating, proper accelerating voltage and ideal spot size for the current were various 
factors which decided the quality of the topographical information acquired. In fracture 
analysis, for each composite configuration, sample with high proximity to the average 
strength of a particular configuration was chosen. The samples were examined for the 
presence of fiber or matrix failure and possible defects. Micrographs at various 
magnifications were captured. 
The fracture surfaces investigated involved two samples from each of the 
configurations. With one of the samples having been tested at 22qC and the other at 90qC 
for a total of 8 samples. Figure 4.2.1 shows a 125x magnified micrograph of the fracture 
surface for the 0° configuration, with the image on the left being the image for 22°C 
specimen and the image on the right being for the 90°C specimen. Figure 4.2.2 follows 
the same convention as the previous image but is taken at 1000x magnification. From 
these figures it can be seen that the fiber carried most of the load at 22°C as there is no 
visible matrix cracking. Additionally, there does not appear to be any disparity in the 
fiber failure evident by the absence of any fiber pull out indicated that they all broke at 
once. When looking at the images for the 90°C specimen it can be seen that there are 
several cracks in the matrix and several fibers were pulled out, both of which are 
indicators of a weaker composite.  
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Figure 4.2.1  SEM micrographs of the 0° specimen fracture surface. The image on the 
left is taken for the specimen tested at 22°C and the one at the right was broken at 90°C. 
 
 
 
 
Figure 4.2.2  SEM micrographs of the 0° specimen fracture surface. The image on the 
left is taken for the specimen tested at 22°C and the one at the right was broken at 90°C. 
 
 
 
Figure 4.2.3 and Figure 4.2.4 show magnified views of the fracture surface for the 
45° configuration, with the image on the left being the image for 22°C specimen and the 
image on the right being for the 90°C specimen, at 125x and 1000x magnification, 
respectively. The main observation that can be made from these images are that the 
failure mode for 45° is mixed since there is simultaneous fiber and matrix cracking. Any 
conclusions regarding physical indicators that correspond to the weakening of the 
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specimen at higher temperatures remains inconclusive, as no distinct differences were 
noted. 
 
 
 
Figure 4.2.3 SEM micrographs of the 45° specimen fracture surface. The image on the 
left is taken for the specimen tested at 22°C and the one at the right was broken at 90°C. 
 
 
 
 
Figure 4.2.4 SEM micrographs of the 45° specimen fracture surface. The image on the 
left is taken for the specimen tested at 22°C and the one at the right was broken at 90°C. 
 
 
 
Figure 4.2.5 and Figure 4.2.6 show magnified views of the fracture surface for the 
90° configuration, with the image on the left being the image for 22°C specimen and the 
image on the right being for the 90°C specimen, at 125x and 1000x magnification, 
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respectively. This set of SEM images help to explain why the 90° configuration 
outperformed the 45° configurations in regard to strength. It seems that all the fibers 
broke at once, evident by the transverse crack to the fiber orientation, indicating that the 
fiber carried most the load throughout the tensile test.  
This behavior can be attributed to the process by which the fibers are placed along the 
90° orientation. The printer places the fiber for each layer as a single, continuous, path 
which would require many turns at the path hits the wall of the specimen. Whenever the 
path performs the turn to resume laying the 90° fiber orientation, there is a small portion 
of the fiber that is in the 0° orientation. This effectively reinforces the 90° configuration 
and is the main reason this configuration outperforms the 45° configuration. This issue, 
however, cannot be addressed as the printer only has lays the fiber under a continuous 
deposition of material. 
 
 
 
Figure 4.2.5  SEM micrographs of the 90° specimen fracture surface. The image on the 
left is taken for the specimen tested at 22°C and the one at the right was broken at 90°C. 
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Figure 4.2.6  SEM micrographs of the 90° specimen fracture surface. The image on the 
left is taken for the specimen tested at 22°C and the one at the right was broken at 90°C. 
 
 
 
Figure 4.2.7 and Figure 4.2.8 show a magnified view of the fracture surface for the 
0°/45°/90° configuration, with the image on the left being the image for 22°C specimen 
and the image on the right being for the 90°C specimen, at 125x and 1000x 
magnification, respectively. As anticipated this sample undergoes the progressive failure 
mode where, typically, the matrix starts to crack prior to fiber failure. The first set of 
fibers to fail are those in the 90° orientation. Following that is failure of the 45° fibers 
and it ends with the 0° fibers failing.  
Another observation is the matrix cracking is more visible between the 0q/45q 
transition when compared to the 0q/90q transition image. While comparing the two 
transition areas, it was also noted that the 90q fiber looks intact for the most part, but it is 
difficult to isolate the definitive cause from the SEM images. Due to this mixed method 
of failure, it is difficult to isolate any specific differences between the room temperature 
fracture surface and the 90°C surface.  
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Figure 4.2.7  SEM micrographs of the 0°/45°/90° specimen fracture surface. The image 
on the left is taken for the specimen tested at 22°C and the one at the right was broken at 
90°C. 
 
 
 
 
Figure 4.2.8  SEM micrographs of the 0°/45°/90° specimen fracture surface. The image 
on the left is taken for the specimen tested at 22°C and the one at the right was broken at 
90°C. 
 
 
 
4.3. Stress Relaxation Testing 
The stress relaxation tests play a major role in revealing the material parameters 
 involved in the viscoelastic/viscoplastic models. Many investigators have addressed this 
role (Almeida, Ornaghi, Lorandi, Marinucci, & Amico, 2018; Kaku, Arai, Fukuoka, & 
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Matsuda, 2010; Kawai et al., 2004; Monticeli, Ornaghi, Neves, & Cioffi, 2020; Saha & 
Banerjee, 1998; Skandani & Al-Haik, 2016). 
Stress relaxation test provides the rate of decrease in stress for any state of stress that 
results from maintaining a constant strain during uniaxial loading. For the stress 
relaxation tests, each specimen would be loaded identical to the tensile test to 20%, 40% 
60%, and 80% of the corresponding strength. At each of these increments, upon reaching 
the desired load the corresponding strain will be held constant for 30 minutes to allow for 
the stress to relax. That stress will need to be found at a time much greater than what was 
tested, so a curve will be fitted to each of the 4 strain increments. This value, as well as 
the equation used to estimate it, will be vital in the generation of the model as it is one of 
the values needed to generate the model constants.  
4.3.1. The 0q Configuration 
The strain increment values, as well as the corresponding stresses, are recorded in 
Table 4.3.1.1 and were generated using the tensile testing data from the 0q configuration 
tensile testing section. These values were then supplied, along with the sample geometry, 
into the MTS controller stress relaxation test template in order to run the test at the 
desired constant strain levels. The data collected from the tests at each of the five 
temperatures are organized into stress vs time plots, shown collectively in Figure 4.3.1.1 
and Figure 4.3.1.2. Table 4.3.1.2 gathers the minimum and maximum stress values from 
each segment of the stress relaxation test. These are then utilized to determine the percent 
stress drop for each segment. From this table various patterns can be noted, such that the 
temperature had a very minimal effect on the stress drop at the highest stress loading, 
with it. 
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Table 4.3.1.1 
Values for 20%, 40%, 60%, and 80% of tensile strength and the corresponding strain at 
the five different temperature values. Strength is given in MPA and Strain in mm/mm. 
 20% 40% 60% 80% 
Temp Stress Strain Stress Strain Stress Strain Stress Strain 
22qC 104.087 1.6E-03 208.175 3.5E-03 312.262 5.3E-03 416.349 7.1E-03 
50qC 90.590 1.6E-03 181.180 3.2E-03 271.770 4.7E-03 362.359 6.3E-03 
65qC 78.644 1.4E-03 157.289 2.8E-03 235.933 4.3E-03 314.578 5.7E-03 
75qC 84.910 1.6E-03 169.819 3.2E-03 254.729 4.8E-03 339.638 6.4E-03 
90qC 88.565 1.9E-03 177.130 3.9E-03 265.694 5.8E-03 354.259 7.7E-03 
 
 
Table 4.3.1.2 
Percent stress drop at each temperature and strain increment for the 0° specimen. 
% of Strength 22qC 50qC 65qC 75qC 90qC 
20% 25.2191 25.4337 29.2974 29.5462 26.0160 
40% 20.3361 19.6017 21.2205 20.9353 20.8566 
60% 18.6961 17.8036 18.7974 18.5843 18.4110 
80% 17.0060 17.2266 17.7584 17.9723 17.4106 
 
 
All the individual curves show identical trends, with the values reaching a peak value, 
corresponding to 20%, 40%, 60%, or 80% of the tensile strength for the corresponding 
strain increment. Some minor patterns in Figure 4.3.1.1 that were noticed was that the 
22°C and 50°C had very similar curves indicating that the relaxation is not activated a lot 
at lower temperatures, but that matches what the data was showing with regards to peak 
strength values. The 65°C and 75°C curves was also seen to have very similar curves, but 
data shows that the peaks should be further apart. This likely means that the strength for 
the 65°C form the test was likely towards the low side and the 75°C on the higher side. If 
that is the case, that would assist in bringing the strength trend closer towards expected 
patterns.  
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Figure 4.3.1.1  Plot of the stress vs time data from the stress relaxation tests at 20% and 
40% strain loading for the 0° specimen. 
 
 
 
Figure 4.3.1.2  Plot of the stress vs time data from the stress relaxation tests at 60% and 
80% strain loading for the 0° specimen. 
 
 
 
The values for the quasi-static stress gathered from the data at each temperature are 
shown in Table 4.3.1.3. These values are calculated by fitting a curve to the 4 stress 
relaxation segments at each temperature, separately. These equations were generated 
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using MATLAB’s curve fitting function, where the function used was a power function 
with a constant. Shown in Figure 4.3.1.3 is a plot of one of the curves against the 
corresponding data for that section shows that the there is an excellent match, with the 
curve and data nearly identical. The corresponding equation for that figure is shown 
below in Equation (14).  
 
 
Figure 4.3.1.3  Quasi-static stress vs. time curve compared to the corresponding 
experimental data. This quasi-static curve occurs at 80% strain at 90°C for the 0q 
configuration. 
 
 
 
 𝜎ா௤௡ =  −7.298 ∙ 10
଻ ∗ 𝑥଴.଴଼଼ଶଵ + 4.68 ∙ 10଼ (14) 
 
 
 
Table 4.3.1.3 
Values for quasi-static stress, in MPa, at each temperature and strain increment for the 0° 
specimen. 
 20% 40% 60% 80% 
22qC 70.177 152.630 238.182 330.522 
50qC 63.985 148.193 233.963 319.606 
65qC 61.426 147.409 233.664 321.176 
75qC 53.894 145.576 231.737 318.754 
90qC 63.874 144.214 229.628 314.947 
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4.3.2. The 45q Configuration 
The strain increment values, as well as the corresponding stress, are recorded in Table 
4.3.2.1 and were generated using the tensile testing data from the 45q configuration 
tensile testing section. These values were then inputted, along with the sample geometry, 
into the stress relaxation procedure code in order to run the stress relaxation test. The data 
collected from the tests at each temperature are organized into stress vs time plots, shown 
in Figure 4.3.2.1 and Figure 4.3.2.2.  
 
 
Table 4.3.2.1 
Values for 20%, 50%, 60%, and 80% of the tensile strength and the corresponding strains 
at the five different temperature values. Strength is given in MPA and Strain in mm/mm. 
 20% 40% 60% 80% 
Temp Stress Strain Stress Strain Stress Strain Stress Strain 
22qC 6.598 1.8E-03 13.196 3.6E-03 19.793 5.4E-03 26.391 7.2E-03 
50qC 6.246 2.8E-03 12.492 5.5E-03 18.738 
8.25E-
03 24.984 1.1E-02 
65qC 5.565 2.6E-03 11.131 5.2E-03 16.696 7.8E-03 22.262 1.0E-02 
75qC 6.061 2.9E-03 12.122 5.7E-03 18.183 8.6E-03 24.244 1.2E-02 
90qC 4.670 3.6E-03 9.341 7.2E-03 14.011 1.1E-02 18.681 1.5E-02 
 
 
Table 4.3.2.2 
Percent stress drop at each temperature and strain increment for the 45° specimen. 
 22qC 50qC 65qC 75qC 90qC 
20% 17.8817 17.8817 23.0224 23.8230 25.7398 
40% 19.5405 19.5405 21.4617 22.2048 28.5751 
60% 21.2311 21.2311 21.5652 23.1671 28.3948 
80% 22.1515 22.1515 22.2451 23.6087 27.5309 
 
 
 
Most of the individual plots show similar trends, with the values reaching a peak 
value, which should be around 20%, 40%, 60%, or 80% of the tensile strength for the 
corresponding strain increment. Each of the individual plots for the stress relaxation tests 
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shows the expected trend and had only showed one major issue that had been corrected. 
The issue stemmed from the grip settling phase, which occurred at around 4 MPa, and 
was skewing the data by that much. As a result, all the data had the stress values 
subtracted by 4 MPa, which then brought them in line with the data in Table 4.3.2.1. 
Another trend noticed was that the more rapid stress loss at the higher temperatures 
was not really seen in the 75°C curve in Figure 4.3.2.1, meaning either it did not properly 
heat up all the way or some other variable was affecting it. Table 4.3.2.2 gathers the 
minimum and maximum values for the stress at each segment of the stress relaxation test 
in order to determine the percentage that the stress dropped at the end of each segment. 
Looking over the data shown in the plots with the recorded values from the table 
confirms the trends noticed. 
 
 
 
Figure 4.3.2.1  Plot of the stress vs time data from the stress relaxation tests at 20% and 
40% strain loading for the 45q configuration. 
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Figure 4.3.2.2  Plot of the stress vs time data from the stress relaxation tests at 60% and 
90% strain loading for the 45q configuration. 
 
 
 
The values for the quasi-static stress gathered from the data at each temperature are 
shown in Table 4.3.2.3. Shown in Figure 4.3.2.3 is a plot of one of the quasi-static curves 
against the corresponding data for that section. The match between the data and the 
curves shows that the there is a good match, with the curve staying within data’s 
variance. The corresponding equation for that figure is shown below in Equation (15).  
 
 
Table 4.3.2.3 
Values for quasi-static stress, in MPa, at each temperature and strain increment for the 
45° specimen. 
 20% 40% 60% 80% 
22qC 8.6696 17.2759 22.0226 24.7537 
50qC 7.2975 14.0886 18.3275 20.8096 
65qC 6.5893 13.6099 17.6242 19.7517 
75qC 6.1400 12.7406 16.9169 19.5710 
90qC 5.0403 11.0824 14.4035 16.3586 
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Figure 4.3.2.3  Quasi-static stress vs. time curve compared to the corresponding 
experimental data. This quasi-static curve occurs at 80% strain at 90°C for the 45q 
configuration. 
 
 
 
 𝜎ா௤௡ =  −3.424 ∙ 10
଺ ∗ 𝑥଴.ଵ଺ଵ଺ + 2.959 ∙ 10଻ (15) 
4.3.3. The 90q Configuration 
The strain increment values, as well as the corresponding stress, are recorded in Table 
4.3.3.1 and were generated using the tensile testing data from the 90° tensile testing 
section. These values were then inputted, along with the sample geometry, into the stress 
relaxation procedure code in order to run the stress relaxation test. The data collected 
from the tests at each of the five temperatures are organized into stress vs time plots, 
shown collectively in Figure 4.3.3.1 and Figure 4.3.3.2. Table 4.3.3.2 gathers the min and 
max data from each segment of the stress relaxation test in order to determine the 
percentage that the stress dropped at the end of each segment. 
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Table 4.3.3.1 
Values for 20%, 40%, 60%, and 80% of the break strain and tensile strength at the 5 five 
temperature values. Strength is given in MPA and Strain in mm/mm. 
 
 20% 40% 60% 80% 
Temp Stress Strain Stress Strain Stress Strain Stress Strain 
22qC 8.857 3.8E-03 17.715 7.5E-03 26.572 1.1E-02 35.430 1.5E-02 
50qC 7.420 4.1E-03 14.839 8.3E-03 22.259 1.2E-02 29.679 1.7E-02 
65qC 7.155 4.3E-03 14.311 8.5E-03 21.466 1.3E-02 28.621 1.7E-02 
75qC 6.573 4.3E-03 13.146 8.6E-03 19.720 1.3E-02 26.293 1.7E-02 
90qC 5.676 5.2E-03 11.352 1.0E-02 17.028 1.6E-02 22.704 2.0E-02 
 
 
 
Table 4.3.3.2 
Percent stress drop at each temperature and strain increment for the 90° specimen. 
 22qC 50qC 65qC 75qC 90qC 
20% 17.8817 17.8817 23.0224 23.8230 25.7398 
40% 19.5405 19.5405 21.4617 22.2048 28.5751 
60% 21.2311 21.2311 21.5652 23.1671 28.3948 
80% 22.1515 22.1515 22.2451 23.6087 27.5309 
 
 
 
 
Figure 4.3.3.1  Plot of the stress vs time data from the stress relaxation tests at 20% and 
40% strain loading for the 90q configuration. 
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Figure 4.3.3.2  Plot of the stress vs time data from the stress relaxation tests at 60% and 
80% strain loading for the 90q configuration. 
 
 
 
Most of the individual plots show similar trends, with the values reaching a peak 
value, which should be around 20%, 40%, 60%, or 80% of the tensile strength for the 
corresponding strain increment. The main deviation occurred with the 75°C stress 
relaxation curve which had a section of the plot at the 40% and 60% strain over that of 
the 65°C. Additionally, the stress relaxation for the room temperature test had failed 
during the procedure, resulting in incomplete data. This was remedied by printing another 
specimen purely for testing at room temperature and 80% strain. 
The values for the quasi-static stress gathered from the data at each temperature are 
shown in Table 4.3.3.3. Shown in Figure 4.3.3.3 is a plot of one of the curves against the 
corresponding data for that section shows that the there is a good match, with the curve 
staying within data’s variance. The corresponding equation for that figure is shown below 
in Equation (16).  
 𝜎ா௤௡ =  −4.576 ∙ 10
଺ ∗ 𝑥଴.ଵସ଴଺ + 3.502 ∙ 10଻ (16) 
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Figure 4.3.3.3  Quasi-static stress vs. time curve compared to the corresponding 
experimental data. This quasi-static curve occurs at 80% strain at 90°C for the 90q 
configuration. 
 
 
 
Table 4.3.3.3 
Values for quasi-static stress, in MPa, at each temperature and strain increment for the 
90° specimen. 
 20% 40% 60% 80% 
22qC 7.238 14.717 18.889 21.126 
50qC 7.393 15.032 19.292 21.577 
65qC 11.428 19.533 24.016 26.386 
75qC 4.429 11.240 15.699 18.561 
90qC 8.542 14.724 18.113 20.180 
 
 
4.3.4. Mixed (0q/45q/90q) Angle Configuration 
The strain increment values, as well as the corresponding stress, are recorded in Table 
4.3.4.1 and were generated using the tensile testing data from the previous section. The 
data collected from the tests at each of the five temperatures are organized into stress vs 
time plots, shown collectively in Figure 4.3.4.1 and Figure 4.3.4.2. Table 4.3.4.2 gathers 
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the min and max data from each segment of the stress relaxation test in order to 
determine the percentage that the stress dropped at the end of each segment. 
 
Table 4.3.4.1 
Values for 20%, 50%, 60%, and 80% of the tensile strength (MPa) and corresponding 
strain (mm/mm) strain at the five temperature values for the 0q/45q/90q specimen.  
 20% 40% 60% 80% 
Temp Stress Strain Stress Strain Stress Strain Stress Strain 
22qC 54.926 2.4E-03 109.851 4.8E-03 164.777 7.3E-03 219.703 9.7E-03 
50qC 57.041 2.6E-03 114.083 5.6E-03 171.124 7.9E-03 228.165 1.1E-02 
65qC 58.945 2.8E-03 117.890 5.7E-03 176.835 8.5E-03 235.780 1.1E-02 
75qC 49.579 2.5E-03 99.159 4.9E-03 148.738 7.4E-03 198.317 9.9E-03 
90qC 54.915 2.9E-03 109.830 5.7E-03 164.745 8.5E-03 219.660 1.2E-02 
 
 
 
Table 4.3.4.2 
Percent stress drop at each temperature and strain increment for the 0q/45q/90q specimen. 
 22qC 50qC 65qC 75qC 90qC 
20% 17.9819 16.4334 23.2193 23.3925 31.2006 
40% 19.3094 18.2545 19.2229 19.0690 22.3713 
60% 18.0426 17.1972 16.7809 16.5185 18.2962 
80% 16.1994 16.0649 15.6481 15.5312 16.6082 
 
 
 
Most of the plotted curves show similar trends, with the values reaching a peak value, 
which should be around 20%, 40%, 60%, or 80% of the tensile strength for the 
corresponding strain increment. The 90qC curve shows a much larger response compared 
to the tests conducted at lower temperatures, showing that high enough temperatures will 
noticeably affect the material. The is further shown by the difference is stresses between 
75qC and 90qC at higher load conditions, as the gap continues to increase. 
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.  
Figure 4.3.4.1  Plot of the stress vs time data from the stress relaxation tests at 20% and 
40% strain loading for the 0q/45q/90q configuration. 
 
 
 
 
Figure 4.3.4.2  Plot of the stress vs time data from the stress relaxation tests at 60% and 
80% strain loading for the 0q/45q/90q configuration. 
 
 
The values for the quasi-static stress gathered from the data at each temperature are 
shown in Table 4.3.4.3. Shown in Figure 4.3.4.3 is a plot of one of the curves against the 
corresponding data for that section shows that the there is a good match, with the curve 
staying within data’s variance. The corresponding equation is shown in Equation (17).  
 𝜎ா௤௡ = −2.987 ∙ 10
଻ ∗ 𝑥଴.଴ଽଽଶ + 2.326 ∙ 10଼ (17) 
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Table 4.3.4.3 
Values for quasi-static stress, in MPa, at each temperature and strain increment for the 
0q/45q/90q specimen. 
 20% 40% 60% 80% 
22qC 47.135 92.426 140.127 191.839 
50qC 37.615 84.005 134.319 185.534 
65qC 36.914 83.821 134.077 184.885 
75qC 35.973 82.826 133.681 183.141 
90qC 28.665 71.403 117.648 164.033 
 
 
 
 
Figure 4.3.4.3  Quasi-static stress vs. time curve compared to the corresponding 
experimental data. This quasi-static curve occurs at 80% strain at 90°C for the 0q/45q/90q 
configuration. 
 
 
4.4. Creep Test Results 
Due to facility early closure, the creep tests were limited to two different specification 
at the low and high end of stress loading (20% and 80%) for each temperature. The 
0q/45q/90q specimen was chosen to represent the stiffer composites and the 45q sample is 
representing the less stiff specimens. While the creep test is more popular in the 
viscoelastic analysis relative to the load relaxation test, it is a very slow test and only 
provides data at a single strain rate, while load relaxation tests takes data relatively 
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shorter time and provides information at numerous strain rates (Al-Haik, Garmestani, & 
Savran, 2004; Al-Haik, Garmestani, Vaghar, & Shahawy, 2001).  Nevertheless, the creep 
tests were carried out mostly to validate the accuracy of the elastic/viscoplastic model. 
Examining the results for the 45q specimen, shown in Figure 4.4.1, the creep response is 
shown to be highly affected by the increase in temperature, especially at high loading.  
The values for strain at start of the creep test corresponds to those from the quasi-
static tensile test values shown in Table 4.3.2.1 and Table 4.3.4.1 for 45q and 0q/45q/90q 
configurations, respectively. For the 45q configuration, the plotted curves generally 
followed the expected trend of increased strain and higher temperatures and mostly 
followed the increased non-linearity at higher temperatures. There was one exception to 
this trend, and this occurred at 65qC, where the curve plateaued much more quickly than 
the test at 50qC. This will require extra scrutiny when comparing to the model at that 
temperature.  
For the 0q/45q/90q creep results, shown in Figure 4.4.2, the main pattern noticed was 
a much lower rate of creep, due to the stiffer nature of the sample, with minimal changes 
to the strain value over time. The first noticeable curve occurs at the higher loading for 
90°C and is a good indicator that the higher temperature will cause an effect on the stiffer 
composites. Another noticeable curve occurs at the lower loading for 22°C, however, this 
one is more anomalous as it curves downward for a bit and then curves back upward. Due 
to this being the only curve that exhibits this type of pattern, this portion of the data will 
be considered erroneous and will be removed during future analysis. It is expected for 
this data to cause some issues when comparing to the model, however due to the relative 
trend matching what is expected, with the higher temperatures resulting in higher strain 
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and a more noticeable response, it can be used to determine the relative accuracy of the 
model. 
 
 
 
Figure 4.4.1  Plot of the creep results for the 45° specimen config at 20% and 80% stress 
loading. 
 
 
 
 
Figure 4.4.2  Plot of the creep results for the 0°/45°/90° specimen config at 20% and 80% 
stress loading.  
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5. Results of the Viscoplastic Model 
From the series of tests performed and shown in the previous chapter, the next phase 
of this research can begin. The tensile test data will provide necessary information on the 
mechanical properties of the composite at the varying ply angles. The stress relaxation 
test will give information of how the stress drops and plateaus over time, allowing the 
determination of the quasi-static stress. Furthermore, using the equations from Chapter 2, 
the Viscoplastic Model can be generated, which will be covered in subsection 5.1. The 
third type of test performed in research, the creep test, will be used as a comparison to the 
model to validate if it is a functional model and to determine under what condition the 
model functions the best and is covered in subsection 5.2. 
5.1. Parameters of the Elastic Viscoplastic Model 
The first step performed in extracting the parameters for the Gates viscoplastic model 
involves using the results gathered from the stress relaxation tests. The overstress can be 
calculated from the instantaneous stress, σ, and the quasi-static stress, σ∗, gathered from 
those tests. This overstress value can then be plotted against the viscoplastic strain 
rate, ε̇୴୮, in a logarithmic plot. The plotted values for each of the four specimen 
configurations at five different temperatures can be seen in Figure 5.1 to Figure 5.4. 
Through the combination of Equation (2) and Equation (3) into Equation (1) and taking 
the log of that equation, Equation (18) can be produced. By mapping that equation to the 
plotted curves, the values for A and n, corresponding to the 5 temperatures tested at, for 
each specimen configuration can be determined.  
ln ൬ε −
σ∗
E
൰ = n ∗ ln(σ∗) + ln (A) (18) 
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In the generation of the logarithmic plot of plastic strain vs. the quasi-static stress, 
some data points had to be omitted. It was found during model generation that the slopes 
of the stiffer specimens (0q and 0q/45q/90q) would be negative rather than positive, 
leading to a negative value for the n parameter. By removing the 40% and 80% stress 
loading data points, the resulting model parameters were much closer to the expected 
value range and similar within the same order as the other generated model parameters. 
The remaining data points are the ones plotted in their corresponding plots, Figure 5.5 
and Figure 5.8, with the removed data points excluded. 
It is worth mentioning that in the original model construction, Gates emphasized that 
the model works for off-axis tension specimen as they exhibit some plastic deformation 
at relatively low stresses (Gates, 1989). The 0q and 0q/45q/90qconfiguration are 
considerably linear elastic and they barely exhibit any plasticity which explains this 
difficulty in obtaining the parameters.  
 
 
Figure 5.1  Logarithm of overstress versus logarithm of the strain rate at 5 different 
temperatures for the 0q specimen. 
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Figure 5.2  Logarithm of overstress versus logarithm of the strain rate at 5 different 
temperatures for the 45q specimen. 
 
 
 
 
Figure 5.3  Logarithm of overstress versus logarithm of the strain rate at 5 different 
temperatures for the 90q specimen. 
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Figure 5.4  Logarithm of overstress versus logarithm of the strain rate at 5 different 
temperatures for the 0q/45q/90q specimen. 
 
 
 
      Utilizing the stress relaxation test data from all of the relaxation events, the overstress 
and effective plastic strain rate for several test angles, can be plotted together on a single 
graph. As in the case of the effective stress/effective plastic strain plots, the data tend to 
collapse into a single "master curve" that gives the necessary information to determine 
the relationship between measured overstress and the plastic strain rate. Particularly, in 
order to determine the model constants k and m, the log of Equation (12) is taken to 
generate Equation (19) and the quasi-static stress and plastic strain are plotted and shown 
on Figure 5.5 through Figure 5.8.  
1
m
∗ [ln(𝜎 − 𝜎∗) − ln(𝑘)] = ln ( 𝜀̇௩௣) (19) 
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Figure 5.5  Logarithm of quasi-static stress versus logarithm of the plastic strain at 5 
different temperatures for the 0qspecimen. 
 
 
 
Figure 5.6  Logarithm of quasi-static stress versus logarithm of the plastic strain at 5 
different temperatures for the 45qspecimen. 
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Figure 5.7  Logarithm of quasi-static stress versus logarithm of the plastic strain at 5 
different temperatures for the 90qspecimen. 
 
 
 
 
Figure 5.8  Logarithm of quasi-static stress versus logarithm of the plastic strain at 5 
different temperatures for the 0q/45q/90q specimen. 
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From the curve fitting analysis, it is clear that the stress relaxation plays a crucial role 
in the determination of the parameters for the elastic/viscoplastic analysis and finding the 
quasi-static stress/strain level. Due to the decaying exponential nature of the stress/time 
curve during relaxation, the stress will converge to a nearly constant value after sufficient 
time has elapsed; the stress/time plot will display a horizontal asymptote which 
determines the limiting value of stress during unloading. The time it takes to reach this 
asymptotic value (i.e. decay rate) increases as the amount of overstress increases. 
Examination of the test data showed that the decay time was more than the 30 minutes 
allocated at each test. Despite the relationship between decay rate and prior strain rate, 
the stress level reached after complete decay (i.e. quasi-static stress level) does not 
depend upon the prior strain rate (Gates, 1989). 
In the paper written by Gates (1991), he remarked that there was no clear trend on 
how the model parameters behaved with temperature. The only trend he noticed was that 
there was a noticeable increase in the parameter A as the glass transition temperature of 
the material was approached, but only when the power parameters, n and m, were kept 
constant. Al-Haik (2001) claims that this ambiguity suggests that other factors are 
affecting those constants such as the stress level and essentially the reduction in the glass 
transition range at elevated temperature conditions. The model parameters were 
generated using the prior mentioned method, shown in Table 5.1.  
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Table 5.1 
Model parameters for each configuration at the 5 temperatures tested. Includes average 
values for parameters for each configuration. 
Configuration 1: 0q 
T (°C) E (GPa) σu m K (MPa) n A (MPa) 
22C 58.185 520.436 0.850 1.731E+08 0.190 4.998E-05 
50C 56.720 452.949 0.976 1.418E+09 0.163 5.599E-05 
65C 54.751 393.222 0.906 3.778E+08 0.241 3.968E-05 
75C 53.168 407.687 0.996 1.544E+09 0.210 4.512E-05 
90C 49.185 417.946 0.925 3.864E+08 0.200 4.892E-05 
Average 
 
0.931  7.799E+08 0.201  4.794E-05 
St. Dev. ± 0.052 ± 5.79E+08 ± 0.025 ± 5.40E-06 
Configuration 2: 45q 
T (°C) E (GPa) σu m K (MPa) n A (MPa) 
22C 4.240 32.989 0.735 1.509E+05 1.061 5.380E-05 
50C 2.616 31.230 0.705 1.004E+05 1.475 2.284E-05 
65C 2.955 27.827 0.776 1.516E+06 1.856 2.550E-05 
75C 2.696 30.305 0.761 2.866E+05 1.461 2.371E-05 
90C 1.530 23.352 0.841 3.629E+05 1.443 2.357E-05 
Average 
 
0.764  4.834E+05 1.459  2.988E-05 
St. Dev. ± 0.046 ± 5.25E+05 ± 0.025 ± 1.20E-05 
Configuration 3: 90q 
T (°C) E (GPa) σu m K (MPa) n A (MPa) 
22C 3.513 44.287 1.072 1.947E+08 1.056 3.474E-05 
50C 2.773 37.099 1.072 1.944E+08 0.945 4.502E-05 
65C 2.884 35.777 1.042 1.106E+08 0.949 4.839E-05 
75C 2.567 32.866 0.949 2.141E+07 1.012 5.116E-05 
90C 1.964 28.380 1.028 8.058E+07 1.033 4.166E-05 
Average 
 
1.033  1.203E+08 0.999  4.419E-05 
St. Dev. ± 0.045 ± 6.71E+07 ± 0.045 ± 5.70E-06 
Configuration 4: Mixed (0q/45q/90q)  
T (°C) E (GPa) σu m K (MPa) n A (MPa) 
22C 22.534 274.628 1.140 1.745E+10 0.811 2.496E-06 
50C 21.752 285.206 1.266 4.094E+11 0.909 4.856E-06 
65C 20.737 294.725 1.140 4.254E+10 0.743 3.550E-06 
75C 20.122 247.896 1.05 4.03E+09 0.789 5.73E-06 
90C 19.396 274.575 1.155 6.219E+10 0.706 6.926E-06 
Average 
 
1.150  1.071E+11 0.792  4.711E-06 
St. Dev. ± 0.069 ± 1.52E+11 ± 0.069 ± 1.56E-06 
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Following Gates’ (1993) work done on graphite/polymeric composites, to explore the 
variation of the elastic/plastic material parameters A and n with temperature one can 
probe the sensitivity of the V* vsHp master curves to variations in A and n. Previous 
separate works of Gates (1993) and Al-Haik (2001) revealed that for a given material and 
loading direction, the exponent n can be set to an average value for all temperatures while 
allowing A to vary with temperature. Identically, varying the rate dependent material 
parameters K and m in an approach similar to that used in the quasi-static case, the effect 
of temperature on these parameters was found. For a given material and loading direction 
only allowing K to vary with temperature.  
After the data was compiled and tuned to the loading conditions for the test, the 
averages of the n and m value were taken from each configuration and recorded. Using 
these recorded values, the model was regenerated with n and m set to those values in 
order to get new values for k and A and recorded in Table 5.2. Comparing the values for 
the parameters k and A showed that the parameter k did not have any clear pattern, but 
the parameter A did, generally, increase at higher temperatures. There were a couple 
outliers that did not follow that trend when comparing 2 data points, but this was also 
seen in the work by Gates (1993) and likely due to the variance in the specimen’s 
structure. 
Due to the possible sources of errors and scattering that could affect the experimental 
data and thus compound into the model parameters, it was expected that the results 
gathered in this research would have more outliers and erroneous values when compared 
to those that Gates gathered. The experimental set-up utilized in this research was not as 
in depth and complicated as the one he used to gather his number (Gates, 1991) and thus 
more prone to error. 
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Table 5.2 
 
Model parameters for each configuration at the 5 temperatures tested with the power 
parameters held keep constant using the averaged value from Table 5.1. 
Configuration 1: 0q  
T (°C) E (GPa) σu m K (MPa) n A (MPa) 
22 58.185 520.436 0.931 7.3E+08 0.201 2.77E-05 
50 56.720 452.949 0.931 6.37E+08 0.201 2.98E-05 
65 54.751 393.222 0.931 5.79E+08 0.201 2.88E-05 
75 52.902 424.548 0.931 5.02E+08 0.201 2.89E-05 
90 47.399 442.824 0.931 4.32E+08 0.201 3.02E-05 
Configuration 2: 45q 
T (°C) E (GPa) σu m K (MPa) n A (MPa) 
22 4.240 32.988 0.764 1.17E+06 1.459 1.746E-05 
50 2.616 31.230 0.764 1.37E+06 1.459 2.383E-05 
65 2.956 27.827 0.764 1.25E+06 1.459 2.531E-05 
75 2.697 30.305 0.764 1.28E+06 1.459 2.553E-05 
90 1.530 23.352 0.764 1.33E+06 1.459 2.879E-05 
Configuration 3: 90q 
T (°C) E (GPa) σu m K (MPa) n A (MPa) 
22 3.513 44.287 1.033 1.02E+08 0.999 4.04E-05 
50 2.773 37.099 1.033 1.02E+08 0.999 3.89E-05 
65 2.884 35.777 1.033 9.57E+07 0.999 4.19E-05 
75 2.567 32.866 1.033 8.39E+07 0.999 5.28E-05 
90 1.964 28.380 1.033 8.67E+07 0.999 4.56E-05 
Configuration 4: Mixed (0q/45q/90q)   
T (°C) E (GPa) σu m K (MPa) n A (MPa) 
22 22.534 274.628 1.175 1.6E+10 0.792 8.24E-07 
50 21.752 285.206 1.175 1.51E+10 0.792 8.37E-07 
65 20.737 294.725 1.175 1.39E+10 0.792 8.56E-07 
75 20.122 247.897 1.175 1.16E+10 0.792 9.23E-07 
90 19.396 274.575 1.175 8.5E+09 0.792 9.76E-07 
 
 
 
5.2. Model Validation 
Prediction of short-term creep behavior is a good verification of the model because 
the material constants used for the creep prediction were found from the stress relaxation 
procedures described previously. The creep strain was found by solving Equation (12), 
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where the combined methods of numerical analysis for solving nonlinear equations, 
Newton method, and differential equations, Runge-Kutta, were implemented. The 
simulation of the viscoplastic model was carried out at room temperature and at 90°C for 
the 45q and the 0q/45q/90q layups. The results of this model can be seen in Figure 5.9 
through Figure 5.12 alongside the experimental data from creep tests at the matching 
specifications. It should be noted that the plotted results were assumed to be temperature-
dependent as opposed to the argument proposed by Gates involving averaging the n and 
m parameters assumed to be temperature-dependent as opposed to the argument proposed 
by gates involving averaging the n and m parameters. 
 
 
Figure 5.9  Validation of the viscoplastic model for creep at 22°C and 50°C for the 45q 
composite specimen. 
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Figure 5.10  Validation of the viscoplastic model for creep at 65°C and 90°C for the 45q 
composite specimen. 
 
 
 
Figure 5.11  Validation of the viscoplastic model for creep at 22° and 50°C for the 
0q/45q/90 composite specimen. 
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Figure 5.12  Validation of the viscoplastic model for creep at 65°C and 90°C for the 
0q/45q/90qcomposite specimen. 
 
 
      From Figure 5.9 through Figure 5.12, there are a few trends that can be noticed about 
the model when compared to the experimental data. For the 45q configuration, shown in 
Figure 5.9 and Figure 5.10, the model was relatively accurate at low stress values and at 
the higher stress loading would underestimate the creep response. Examining the model 
for the 0q/45q/90q configuration, the response is similar at low stress loading, with a 
decent match between the model and data, but at the high stress loading the model would 
over predict the creep response. Since the 45° configuration represent less stiff 
configuration while the 0q/45q/90q represents stiffer configuration, this trend indicates 
that the model will overestimate the response for stiffer configurations of the composite 
and underestimate it for specimens with lower stiffness. Looking at specific temperatures 
for each configuration, there is some model curves that have a closer match to the curve 
of the experimental data while others are a bit more linear. This is likely due to a 
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combination of the model needing a bit more tuning and that temperature and variance in 
the specimen’s testing. When looking at the effects of the temperature, it was noticed that 
at lower temperatures the model was more able to accurately match the experimental 
data. At higher temperatures, the error increased by a small amount but remained within a 
reasonable range of the experimental data.  
      The advantages of the model are utilizing a very short stress/time data to predict the 
long-term creep behavior and assuming the material to be orthotropic and homogenous 
which eliminates the need of costly and complicated homogenization techniques. 
However, because the model assumes that the behavior of the composite is uniform over 
different temperature and stress levels, it over predicts the material response at higher 
temperature/load levels. Different approaches have been made to reduce the temperature 
dependency of material parameters such as averaging m an applying it to all the 
temperatures or taking n and A to be constant at all temperatures. However, all these 
efforts are purely a sensitivity analysis to ensure the model will acquire a good fit for the 
experimental data rather than a physical basis. 
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6. Conclusions and Recommendations 
The data gathered in this research was limited in scope due to this research having a 
small time and time limitations, however the data that was able to be gathered and then 
presented in this paper was found to be valid and useful enough to allow for generation of 
the viscoplasticity model. The tensile and stress relaxation data gathered was able to 
generate model parameters that followed the expected trends noted by Gates for his 
model and there was no significant variation in those parameters to make it difficult to 
analyze. 
6.1. Conclusions 
The results suggest that the prediction of the off-axis creep test data (45q) and 
(0q/45q/90q) using the theoretical model gave a good correlation in the cases of low loads 
and temperatures. However, it is recognized that at higher thermomechanical loadings 
noticeable error do exist between the experimental creep tests and the implementation of 
the analytical model. 
It is expected that some errors may exist in the numerical solution of the nonlinear 
equations which describe the constitutive behavior. In addition, the tolerances and limits 
imposed upon the iterative algorithm will cause certain cases to experience a degree of 
error due to poor convergence of the solution. 
Besides these computational sources of error, significant error arises from the 
selection of material constants from the "master curves" of experimental data. These 
curves represent collapsed data found by converting the relaxation and tensile data into 
effective quantities. Therefore, the master curve is affected by the data scattering and 
hence the fitted data may not capture the exact nature of all the data. This is most 
noticeable on the plots of overstress versus effective plastic strain rate for the loading 
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case at 80% of the strength and temperatures beyond 50qC. From these plots it can be 
seen that the linear curve used to represent the data during loading does not represent the 
data nearly well. 
Experimental error can be an additional and significant source of problems when 
comparing test and theory. Despite paying attention to the experimental set up it is 
expected that some measurements errors occurred. Increasing the number of test samples 
can reduce the effects of the measurements error. Furthermore, the limitations of the 
experimental setup that involved controlling the creep test using the PID controller 
imposed errors in the measured creep strain. 
Another issue to account for is the effect of clamped end conditions on off-axis test 
results. It is well known that that the off-axis tension test will generate a condition of 
extension-shear coupling in the material. If the ends of the specimen are clamped, this 
coupling will cause a nonuniform state of stress along the specimen’s length. Therefore, 
the development of plastic strains will not be uniform and may change the character of 
the measured stress/strain response (Gates, 1989).  
6.2. Recommendations 
This research had various limitation which provides areas of improvement should this 
be attempted by others. The tensile machine used for this research had various minor 
issues that had to be acknowledged, such as slight swaying of the grips and its ability to 
move grips being displacement-based. Addressing both those issues would help to 
minimize any error that would have stemmed from there. Additionally, due to deadlines 
and time constraints, the stress relaxation and creep tests were only run for 2 hours per 
specimen with 1-hour heating. Increasing the heating time to ensure interior heat 
equilibrium and running the tests for longer would result higher data quality. 
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Additionally, during this research, there were several factors that were discovered and 
had to be acknowledged but was out of the scope of this paper to properly investigate. 
Further research onto this topic should consider exploring these variables to determine if 
they are of significant concern to the material properties of the 3D printed composite. The 
first area of interest occurred during early testing which was the material’s absorption of 
humidity. Due to the porous nature of the 3D printed composite certain care had to be 
made to minimize the amount of water absorbed by the matrix. Investigating the effects 
on the material due to the absorption of water would be critical for application in high 
humidity areas as it may weaken the mechanical properties. Another area of further 
research was brought up by a member of my research committee regarding the residual 
stress between the matrix and the fiber as the specimen is heated up and if that has 
affected the calculated properties and models. The last area of further research noted 
involves performing fracture analysis on the tensile specimen to see how the 
microstructure of the composite is affected by the heating and if any indicators of the 
change in material properties can be noticed. 
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